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Abstract 
This contribution gives the first results of an ongoing research aiming at determining the effect of duplex USSP/Nitriding surface 
treatments on the dry sliding behavior of an AISI 316L steel against a Ti6Al4V counterpart under quasi-static and dynamic 
conditions. While the nitriding process, carried out solely, leads to a 8 μm thick layer of hard (850 HV) expanded austenite, the 
effect of the additional USSP pretreatment is also to harden the sub-surface over about 300 μm and raise the hardness of the top 
surface to about 1200 HV. After a quasi-static friction test against the fairly soft Ti6Al4V, the 8 μm thick nitrided layer was not 
worn but was significantly modified. A 1 μm thick layer of heavily plastically deformed material was observed at the top surface 
within which some transverse cracks formed and could sometimes extend throughout the entire nitrided layer. Comparatively, 
after a dynamic friction test, some additional recrystallization took place in the sub-surface of the USSP + nitrided treated 316L 
steel at the sliding output located at the end of the pads; indicating thereby that the temperature could reach values above 600°C 
during friction.  
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1. Introduction 
Austenitic stainless steels are often used in industrial applications where corrosion resistance and hardness are 
primordial. However, thermo-chemical (nitriding, carburizing…) or mechanical (shot peening, grinding, brushing...) 
treatments are sometimes required to improve further the material behavior. In particular, the coupling of surface 
peening techniques such as USSP (Ultra Sonic Shot Peening) or SMAT (Surface Mechanical Attrition Treatment) 
with nitriding treatment has been recently proposed for iron and steels [1,2]. While the effect of such duplex 
treatments on improving hardness, wear and fatigue properties [1-5] is fairly well established, the effectiveness of 
the USSP + Nitriding duplex treatment on improving the tribological properties during dry sliding has never been 
tested. This contribution gives the first result obtained by friction experiments carried out at different friction 
velocities between a modified austenitic 316L stainless steel and a Ti6Al4V counterpart using a specific high-speed 
tribometer device [6]. 
 
2. Experimental details 
2.1. Materials and characterization tools 
The two materials investigated in this study are the well-known Ti6Al4V alloy (counterface body) and the 316L 
austenitic stainless steel (X2CrNiM17-12-02) (investigated body). Two different treatments were applied to modify 
the surface characteristics of the 316L steel: direct nitriding and a duplex USSP + nitriding treatment. 
 
Plasma nitriding was carried out at IJL Nancy using a MDCER (Multi-Dipolar Cyclotron Electron Resonance) 
apparatus [7]. The treatment was done at 400°C with a plasma power of 600W for 8 hours. 
 
Some samples were also treated by a duplex treatment involving USSP before nitriding. The USSP and SMAT are 
recent techniques for mechanical surface treatments for which a type of shot peening (SP) is carried out for longer 
times than conventional SP and with a wider range of incident angles for the peening shots. With such type of 
duplex treatments, the initial step involving severe plastic deformation has been suggested to increase the thickness 
of the nitrided layer on pure Iron [1]. For the USSP experiments carried out in this work, a large number of 100Cr6-
steel balls, having a diameter of 2mm, were placed into a chamber and vibrated at a frequency of 20KHz. The ball 
were set in motion using a STRESSONIC device developed by the SONATS Company [8]. The samples were 
impacted by the flying balls during 20 minutes with a sonotrode amplitude of 60μm. This treatment leads to a severe 
plastic deformation, which generates a graded microstructure in the surface and sub-surface [9]. 
 
Micro-hardness measurements were carried out for different loads to assess the nitriding thickness and estimated the 
surface and sub-surface hardnesses of the 316L steel after the treatments. Each hardness value is the average of 3 
indentations at the minimum. Finally, scanning electron microscopy (SEM) under secondary electron imaging 
conditions and optical profilometry investigations were carried out to study the microstructure and surface topology 
changes. 
 
2.2. Experimental sliding tools 
 
The sliding tests were carried out using the last version of a tribometer device [6] originally developed by 
Philippon et al. [10]. Figure 1 shows a picture of this device. It consists in a moving specimen which slides between 
two pads fixed within a circumferential dynamometer ring. This ring applies an apparent normal pressure on the 
pads while strain gauges are used to continually measure the tangential and normal forces applied on the specimen 
between the pads during the sliding test. 
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Figure 1 : Sketch of the tribometer device developed for the analysis of the dry sliding behavior (see also [6]). 
In the present work, the friction experiments were performed using a Ti6Al4V specimen between two 316L steel 
pads under a normal pressure of 200MPa. Two different sliding velocities were used: quasi-static (2mm/min) and 
high velocity (7 m/s) that were respectively achieved by a universal testing machine and a CEAST 9350 Drop 
Tower Impact System. 
3. Results and discussion 
The effect of plasma nitriding on the AISI 316L steel has already been investigated in different papers [7, 11-
13]. It is well established that low temperature (400°C) of plasma nitriding generates a layer of single phase 
expanded austenite phase. In our case, the nitrided layer of expanded austenite was about 8 μm thick.  
 
Figure 2 shows the cross section SEM image of the 316L sample after the USSP + nitriding treatment. As for the 
direct nitriding treatment, a 8 μm layer of expanded austenite is observed at the surface of the USSP + nitriding 
sample. Underneath, a 300 μm thick graded layer that has been affected by the plastic deformation imparted by the 
USSP treatment is observed. It is well established that the hardness in this affected zone gradually decreases towards 
the depth [9]. 
 
This graded layer is generally schematically described as three consecutive zones [9,14]: the “ultrafine grain (UFG)” 
zone having sustained the highest strain at the top surface, the sub-surface transition zone in which the extend of 
deformation is sufficient to activate grain sub-division of the initial grains and, finally, the deformed zone where the 
initial grains are simply plastically deformed. 
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Fig. 2: Cross section SEM micrographs of a 316L steel sample after the USSP + nitriding duplex treatment: (a) Low magnification showing the 
graded microstructure inherited from the USSP treatment and (b) higher magnification image of the top surface showing. 
 
 
Fig. 3: Surface harnesses for both types of surface treatment as function of the indenter penetration depth for different loads. The load used for 
hardness measurement was increased stepwise from 50 g to 2000 g. 
Figure 3 depicts the effects of the Nitriding and the USSP + Nitriding treatments on the surface hardness. To get 
information on the surface and near sub-surface hardness, different loads (50g, 100g, 200g, 500g, 1000g and 2000g) 
were applied using a Vickers micro-hardness machine in order to estimate the evolution of hardness depending on 
the depth reached by the indenter. The depth is estimated using the relationship linking the diagonal of the indent 




ଶξଶ୲ୟ୬஘                    (1) 
 
While the estimate material surface hardness of nitrided steel is 850 HV, the USSP + nitrided steel has a surface 
hardness of 1200 HV. Consistently with the SEM images indicating that the nitriding depth is about 8 μm, the 
hardness decreases toward a plateau located at about 8 μm. 
The two levels of sub-surface hardness for both types of surface treatment indicated in figure 3 reflect the effects of 
the USSP and Nitriding treatments. 
Figure 4 compares images of the sliding grooves recorded by means of an optical profilometer on the USSP + 
nitrided 316L steel samples after sliding at velocities of 2 mm/min (Fig 4a) and 7 m/s (Fig 4b). At 2 mm/min, 
observations within the groove still reveal the surface generated by the impacting balls during the USSP treatment. 
While this wavy topology is still visible at 2 mm/min, it has been worn out at 7 m/s and the sliding surface is now 
fairly flat. Further detailed analysis has also revealed that some debris of Ti6Al4V were transferred onto the surface. 
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Figure 4: Optical profilometry images of the sliding tracks obtained on the USSP + nitrided treated steel after for the two sliding conditions: (a) 
quasi-static at 2 mm/min and (b) dynamic at 7 m/s. 
 
 
Fig. 5: Cross section SEM micrographs of the nitrided 316L steel sample after dry sliding under the quasi-static condition (2 mm/min): (a) Low 
magnification image showing the cracked nitrided layer and the deformed subsurface, (b) higher magnification image of the nitrided layer 
showing the heavily deformed top surface. 
 
Figure 5 shows cross section images of the microstructure of a Nitrided 316L steel sample after friction at 2 
mm/min. As shown in the higher magnification micrograph in figure 5b, a plastically deformed layer of 1 μm is 
observed at the top surface within the nitrided layer. This top surface layer contains microcracks that do not always 
pass through the nitrided layer. 
While some plastic deformation marks are visible within the nitrided layer (arrowed in Fig 5b), the effect of some 
plastic deformation is also witnessed in the equiaxe microstructure of the base steel at the sub-surface (arrowed in 
Fig 5a). 
Figure 6 shows the microstructure of a USSP + nitrided steel sample after a friction experiment at 7 m/s. Transverse 
cracks are also noticed in the nitrided layer. In addition, a recrystallized layer of about 40 μm has been observed 
(figure 6b) at the end of the pads. Recently, Chassaing et al. [15] showed that during friction experiments, the 
warmest samples region is located at the sliding output interface. This could explain the presence of the 
recrystallized layer within this zone of the pads. 
Presence of this recrystallized layer leads us to suppose that the sliding part of the 316L pad has reached a 
significant temperature. The thermal stability of the 316L steel after SMAT has already been investigated in detail 
by Rolland et al. [16]. They have shown that recrystallization occurs only at temperature above 600°C. Thus, a 
temperature higher than 600°C is supposed to have been reached by the sliding part of the 316L pads during friction 
experiments at 7 m/s. 
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Fig. 6: Cross section SEM micrographs taken from the output of the pad for the USSP + nitrided 316L steel sample after dry sliding under the 




The present work has investigated the microstructure associated with a direct nitriding treatment or a duplex 
USSP + Nitriding treatment carried out on a 316L stainless steel and their evolution after dry sliding. The dry 
sliding was done against a Ti6Al4V counterpart for quasi-static (2mm/min) and dynamic (7 m/s) sliding conditions 
under a normal pressure of 200 MPa. For both treatments, a 8 μm thick nitrided layer formed whose hardness 
increased from 850 to 1200 HV when the USSP step was added. These nitrided layers were cracked after dry sliding 
but remained attached to the steel surface despite the severity of the loading conditions. The steel substrate below 
the nitrided layer underwent some plastic deformation, as revealed by deformation witness marks on the nitrided 
sample after the quasi-static friction experiments. A sharp increase in the surface temperature occurred during the 
dynamic loading at 7 m/s.  The observation of recrystallized domains below the nitrided layer for the duplex USSP 
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